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Accessing	 the	point‐spread	 function	 (PSF)	of	 a	 complex	
optical	 system	 is	 important	 for	 a	 variety	 of	 imaging	
applications.	However,	placing	an	 invasive	point	 source	
is	 often	 impractical,	 and	 estimating	 it	 blindly	 with	
multiple	 frames	 is	 slow	 and	 requires	 a	 complex	 non‐
linear	optimization.	Here,	we	 introduce	a	simple	single‐
shot	method	 to	non‐invasively	recover	 the	accurate	PSF	
of	 an	 isoplanatic	 imaging	 system,	 in	 the	 context	 of	
multiple	 light	 scattering.	Our	 approach	 is	based	 on	 the	
reconstruction	 of	 any	 unknown	 sparse	 hidden	 object	
using	the	autocorrelation	imaging	technique,	followed	by	
a	 deconvolution	 with	 a	 blur	 kernel	 derived	 from	 the	
statistics	 of	 a	 speckle	 pattern.	 A	 deconvolution	 on	 the	
camera	 image	 then	 retrieves	 the	 accurate	 PSF	 of	 the	
system,	 enabling	 further	 imaging	 applications.	 We	
demonstrate	 numerically	 and	 experimentally	 the	
effectiveness	 of	 this	 approach	 compared	 to	 previous	
deconvolution	 techniques.	 ©	 2020	 Optical	 Society	 of	
America	
In complex imaging settings, optical scattering often prohibits the 
formation of a clear image and instead, only a complex speckle is 
obtained. To extract object information from the seemingly 
intractable speckle, a variety of techniques have been developed 
recently, several of which are based on the “Memory effect (ME)”. 
This interesting physical phenomenon states that inherent angular 
correlations of scattered light exist for thin scattering layers [1,2]. 
Specifically, within the ME range, when we rotate the incident 
beam by a small angle, the structure of the resulted speckle pattern 
will not change but only translate over a certain distance. By 
exploiting the concept of ME, Katz et al. reported a single-shot 
convolution model to image hidden objects through scattering 
samples [3]. In this model, the camera image is regarded as a 
convolution of the image of hidden objects within the ME range 
and a shift-invariant point-spread function (PSF) of the scattering 
imaging system. Until now, this single-shot ME based convolution 
model has been widely used in many applications, for instance 
wide-field fluorescent microscopy [4], single-shot multispectral 
imaging [5], lens-less microscopy [6] or super-resolution 
deconvolution microscopy [7]. To solve the convolution model and 
retrieve the image of hidden objects, two strategies are commonly 
used. One of them is the speckle-correlation technique, in which 
the autocorrelation of the speckle pattern is calculated [3,8] to 
extract the Fourier amplitude of hidden object. Combining with a 
phase-retrieval process [9] or a high-order correlation of speckle 
pattern [10], its Fourier phase is recovered.  
An alternative to phase retrieval is deconvolution: the PSF of a 
ME-based scattering imaging system is complex, but indeed 
deterministic. As long as the PSF can be obtained, a simple 
deconvolution process can in principle be used to solve the linear 
convolution model without using speckle-correlation. To 
implement deconvolution, a prerequisite is the calibration of 
intensity PSF of the scattering imaging system. Nowadays, a 
commonly-used way to access the PSF is using a point source and 
recording the speckle pattern. However, a natural point light-
source in the biological sample is rarely available, and planting an 
artificial probe is impractical and invasive. It is possible to estimate 
the PSF of an optical system without using a point source, by 
reconstructing the pupil function (which contains more 
information than the intensity PSF) [11]. But recovering this pupil 
function requires multiple frames, which would sacrifice the 
temporal resolution and is impractical for e.g. dynamical samples. 
By using speckle-correlation and deconvolution, Lu et. al. 
estimated a PSF from a single-shot speckle pattern [12], but even 
though it enables the application of tracking objects, this method is 
less accurate as demonstrated in this work. Using stochastic source 
fluctuations, a nearly perfect PSF can be measured [13], 
nevertheless, it only works with isolated point-like sources (i.e. 
with negligible size compared to the diffraction limit).  
Here, we demonstrate numerically and experimentally a simple 
single-shot method to non-invasively recover an accurate PSF of a 
ME based scattering imaging system, even with extended objects. 
Our method starts with the conventional autocorrelation imaging 
technique:  the autocorrelation of a single-shot camera image and a 
phase-retrieval process are combined to retrieve a diffraction-
limited image of any unknown hidden objects. As a major 
improvement over [12], we estimate the corresponding blur 
kernel of the diffraction-limited image and then retrieve a 
corrected image, approximating the true value, of the hidden 
objects from its diffraction-limited version. An accurate PSF is 
sequentially recovered by deconvolving the single-shot speckle 
pattern with the corrected object image. In addition to being 
straightforward to implement and possessing high temporal 
resolution (i.e. single-shot), this approach works with any 
unknown sparse object, which has the potential to being helpful 
for a wide range of applications, for instance, in biological imaging 
of fluorescent objects [4,8].  
The principle and numerical simulations to validate this 
approach are presented in Fig. 1. In Fig. 1(a), the incoherent light 
carrying the information of a hidden object  O r [isolated points 
in Fig. 1(b)] propagates through an unknown scattering imaging 
system and forms a complex speckle pattern  I r where r
denotes a two-dimensional coordinate in the image plane. 
Considering that the object is within the ME range, the speckle 
pattern is the convolution of the object image and a deterministic 
PSF  S r of the scattering imaging system: 
     I r O r S r                            (1) 
where “  ” is a convolution operator. We consider the 
magnification of the system M=1 for simplicity in Eq. (1). The 
autocorrelation of speckle pattern satisfies the following identity: 
           I r I r O r O r S r S r       ★ ★ ★        (2) 
where “★ ” is a correlation operator.    S r S r★ can be modeled 
by a Bessel-based function [14] for a fully-developed speckle: 
     
2
12 J Dr v
Dr v
S r S r
 
    ★                 (3) 
where  J   denotes the first kind Bessel function, order one. D , 
 and v are the pupil size, the wavelength and the image distance. 
Eq. (3) determines    S r S r★ is a sharply peaked function with 
a certain width (i.e. averaged speckle grain size) and influences the 
resolution of object autocorrelation    O r O r★ . As a 
consequence, using the relationship of Eq. (2) and a basic phase-
retrieval algorithm (See more details below in experimental 
description), although the image of the hidden objects can be 
retrieved from a single-shot speckle pattern, it is only a diffraction-
limited version, which is related to the speckle grain size [Fig. 1(c)].  
To access an accurate PSF of a scattering system, the image 
 O r should be first recovered as faithfully as possible, according 
to Eq. (1). One option is removing    S r S r★ on the object 
autocorrelation in Eq. (2) before the phase-retrieval process. 
However, we observed that deconvolution lowers the signal-to-
noise ratio (SNR) of the object autocorrelation, always preventing 
a correct reconstruction from the phase-retrieval process.  
To improve the technique, we propose to correct the blurred 
reconstruction after the phase-retrieval process. The diffraction-
limited image  G r can be regarded as a convolution of the true 
image  O r and a blur kernel  r : 
     G r O r r                             (4) 
and the blur kernel  r can be obtained by: 
     1r S r  F F                        (5) 
where F denotes the modulus of Fourier transform and 
1 F  is the inverse Fourier transform. Eq. (5) holds since   r
is purely real and symmetrical, which is satisfied for an incoherent 
imaging system like in our case [15]. We give an additional 
justification for Eq. (5) by starting with the calculation of the 
Fourier transform of Eq. (2): 
        2 2 2 I r O r S rF F F                (6) 
where “  ” is the multiplication. In the phase-retrieval process, the 
constraint on  G r  in Fourier domain is the square root of Eq. (6), 
i.e.      O r S rF F , which means the recovered 
diffraction-limited image from the phase-retrieval is low-pass 
filtered with a cut-off frequency determined by the width of
  S rF , which can be deduced from the Bessel-function based 
autocorrelation model in Eq. (3). Therefore, the corresponding 
blur kernel  r in spatial domain can be obtained from Eq. (5). 
Once   r is estimated, a faithful image  O r [Fig. 1(d)] can 
be retrieved by using a simple deconvolution algorithm on Eq. (4). 
For implementing deconvolution, many pioneer methods have 
been proposed either in spatial domain or in Fourier domain. Here 
we employ the commonly-used Richardson–Lucy (RL) algorithm 
and 10 iterations are used to recover  O r . Finally, we use  O r
to deconvolve the camera image with 50 iterations of RL algorithm 
and an accurate PSF with full information is recovered in Fig. 1(g), 
which is highly correlated with the true PSF in Fig. 1(e). As a 
comparison, we try to use the diffraction-limited image  G r [Fig. 
1(c)] to recover the PSF with the same process (as in [12]). It is 
clear that the recovered PSF, although being similar to the true one 
in structure, presents important artefacts, mainly caused by the 
loss of the information of speckle grain size, as can be seen in the 
zoom insets of Fig. 1(e), 1(f) and 1(g). 
In the numerical examples above, we set the object distance u , 
the image distance v , the diameter of pupil apertureD , the 
wavelength , and the pixel size of the camera as 60cm, 12cm, 
5.2mm, 633nm and 6.5µm respectively, corresponding to a 
speckle grain size of around 2.3 pixels. The angular spectrum 
method is used to simulate the light propagation between each 
optical element. By adjusting the pupil size to 2.9mm, we increase 
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